ABSTRACT. Objective. To investigate the effects of early experience on brain function and structure.
T he preterm infant provides an opportunity to study the effects of early postnatal experience on brain development. Increasing evidence suggests that features of brain structure [1] [2] [3] [4] and function [5] [6] [7] [8] are different between medically healthy preterm infants and their term counterparts when assessed at a comparable age point. Although some differences are explained by the cumulative effect of minor medical complications associated with premature birth, the infant's sensory experience in the newborn intensive care unit (NICU) environment, including exposure to bright lights, high sound levels, and frequent noxious interventions, may exert deleterious effects on the immature brain and alter its subsequent development. 9 -15 The importance of the match between the environment and the brain's expectation during "critical" periods of brain development has long been demonstrated in animal models of development, beginning with the classical experiments of Hubel and Wiesel. 16 -23 In an effort to decrease the discrepancy between the immature human brain's expectation and the actual experience in a typical NICU environment, a comprehensive approach named the Newborn Individualized Developmental Care and Assessment Program (NIDCAP) has been developed and tested. Several randomized trials have shown positive results in both behavioral and electrophysiological functioning of very premature infants (Ͻ30 weeks' gestational age) at high risk for various serious organ injuries such as chronic lung disease and intraventricular hemorrhage. [11] [12] [13] 15, 24 Despite the consistent results, a recent meta-analysis concluded that sufficient evidence did not exist at this time to warrant a multicenter clinical trial. 25 Similar developmental results have been documented also in low-risk 30-to 34-week gestational preterms. 10 The goal of the current study was to explore the effect of the NIDCAP intervention on a population of low-risk preterm infants. Neurobehavioral, electrophysiological, and quantitative structural magnetic resonance imaging (MRI) methods were used for this study. It was hypothesized that the NIDCAP intervention group, when com-pared with a standard care group, would perform better on all 3 measures of neurodevelopment.
METHODS

Design
A controlled trial design with 2-group randomization was used. Blocking by gender (male/female) and ethnicity (white/ other) was imposed a priori. Consent was obtained as soon after delivery as feasible within the first 3 postpartum days. Immediately after consent was obtained, subjects were assigned randomly to either the experimental or control group. Group assignment was revealed by parental opening of the opaque, prenumbered, sealed envelope drawn from the respective randomization box, dependent on the infant's gender and ethnicity. Outcome assessment staff was purposefully kept "blind" to the infants' group assignments. The outcome assessments were performed at 2 weeks' corrected age (all infants were discharged from the NICU before this point) and at 9 months' corrected age.
Subjects
Thirty low-risk preterm infants and their parent(s) constituted the study sample. They were recruited from the NICU of the Brigham and Women's Hospital (Boston, MA), a facility with Ͼ6000 births per year and a 46-bed level III NICU with an exclusively inborn population. The institutional review boards for research with human subjects of both Brigham and Women's Hospital and Children's Hospital Boston (Boston, MA), at which the outcome assessments took place, approved the study protocol. The 2 hospitals are interconnected physically, and both are Harvard teaching hospitals.
Study family selection criteria included residence in the greater Boston area; mothers Ն14 years; absence of major maternal medical or psychiatric illness, chronic maternal medication treatment (eg, insulin, steroids, thyroid replacement, antidepressants, and anticonvulsants), or history of maternal substance abuse at any time (including alcohol or tobacco abuse); family accessibility by telephone; and some English-language facility. Infant criteria included gestational age at birth of 28 weeks 4 days to 33 weeks 3 days after mother's last menstrual period; 5-minute Apgar score Ն7; weight and head circumference at birth appropriate for gestational age (Ն5th, Յ95th percentile 26 ); normal initial cranial ultrasound(s), MRI, and/or electroencephalogram (EEG); Յ72 hours of mechanical ventilator support including continuous positive airway pressure; and Յ72 hours of vasopressor medication. Additional exclusion criteria included congenital or chromosomal abnormality, congenital or acquired infection (eg, HIV, sepsis, toxoplasmosis, rubella, cytomegalovirus, and herpes simplex), absence of prenatal care, known prenatal brain lesions (eg, cysts or infarctions), and neonatal seizures.
The study-recruitment period extended over 28 months, from May 1, 2000 through August 30, 2002 . Ninety infants met study criteria. Of these, 12 families were not approached because of staff unavailability, and 45 families declined participation. The main reason given was the extensive nature of the outcome assessments. After successful entry into the study, 3 families failed to return for outcome assessment. In terms of background criteria, the families that were eligible but did not participate for the various reasons described were comparable with the families that participated. Although the participants represent only 33% of the population eligible in the course of the intake period, they nevertheless seem broadly representative. Figure 1 presents a flowchart of both the eligible and the studied infants, with reasons for nonparticipation shown.
Control and Experimental Group Experience
Control group infants received the standard care practiced throughout the Brigham and Women's Hospital NICU at the time of study, which included an effort at primary care nursing and staff-dependent inconsistent parent inclusion. The standard developmental protocol of the NICU involved uniform shielding of incubators with white hospital blankets, early use of dressing in T-shirts, and side and foot rolls; liberal provision of pacifiers; and inconsistent nurse-dependent encouragement of skin-to-skin holding (kangaroo care) and breastfeeding. No formal effort was made to prevent spillover and contamination effects from experimental to control group care. Therefore, significant experimental effects identified by definition were conservative, because they had to be in excess (ie, go beyond the inevitable spillover) of care contamination by the experimental treatment provided in the same NICU and cared for at the same time as control group infants.
The individualized intervention consisted of daily (7 days a week) observations and evaluations of the experimental group infants' behavior, with suggestions for parents and staff in terms of ways to support each infant's development. The framework of developmental care views preterm infants as fetuses who find themselves too early and unexpectedly in a technologic hospital environment instead of the evolutionarily promised mother's womb. Developmental care emphasizes the behavioral individuality of each infant. Each infant is seen as an active participant in all care. Each family is valued as the infant's most consistent nurturer and most important advocate. Developmentally supportive care seeks to reduce the discrepancy between womb and NICU environment by taking into account the individual infant's current thresholds of behavioral organization, diminishing stress, and supporting each infant's strengths and competencies. This means assuring restfulness, calm breathing and well modulated color; a well-functioning, calm digestive tract; well-modulated face, extremity, and trunk tone; comfortable restful positions; and slowed tempo of all caregiving procedures, individualized adjustment of all timing and implementation of procedures, and provision of well-supported relaxation periods. The developmental specialist team, trained to reliability and experienced in the use of the NIDCAP approach, 27 included a developmental psychologist and a developmentally trained neonatologist. They provided the intervention-group infants' weekly observations and daily contact with the infants' current caregivers, ensuring continuity and consistency of developmental care. In addition, they provided ongoing support for the care teams and parents in jointly planning and implementing individually supportive care. Special problem solving around staff consistency and parent support with input by the developmental specialists for the experimental group infants was facilitated by the NICU's nurse managers and medical directors. A group of 25 nurses was "recruited" before the start of the study to volunteer for developmental care training and caregiving for the experimental infants. They were comparable in age and years of experience with the NICU nursing staff as a whole and included very young and recently hired as well as senior long-term staff members.
The developmental specialists provided daily contact and support for the caregivers in understanding the experimental group infants' stress and comfort signals, adjusted their care accordingly, and conceptualized the infants as active participants in the care delivered. The developmental specialists formally observed each infant's behavior weekly throughout the hospitalization, starting with the phase of the infant's initial stabilization and then every 7 days throughout hospital discharge and to 2 weeks' corrected age. For each observation, the developmental specialist systematically recorded an infant's behavior for ϳ20 minutes before a planned medical or nursing caregiving interaction and continued to observe throughout the duration of the interaction and for ϳ20 minutes beyond the caregiving interaction. Ninety-one behaviors, including autonomic (breathing, heart rate, color changes, and visceral signs), motor (postures, muscle tone fluctuations, and movements), and state organization behaviors (levels of arousal, patterns of transitions between states, and clarity and robustness of sleep and awake states) were monitored every 2 minutes. Behaviors were conceptualized as stress (eg, flaccidity, agitated or frantic movements, hyperextensions, duskiness, respiratory pauses, gagging, spitting up, finger splaying, arching, gaze aversion, etc) and regulatory (eg, hand to mouth, hand clasping, grasping, efforts to suck, tucking, etc) and interpreted as indices of the infants' current vulnerabilities and strengths, respectively.
The developmental specialists used the observations to formulate descriptive neurobehavioral reports and suggestions, to structure caregiving procedures to the infant's sleep/wake cycle, and to maintain the infant's well-regulated behavioral balance in an effort to promote the infant's strengths and simultaneously to reduce the infant's self-regulatory vulnerability. For example, some infants became aroused and agitated easily and struggled during care, whereas others become limp and lethargic. In these situations, suggestions included gently helping the infant tuck into a more curled up position to promote maintenance of motor tone, energy, and restfulness; gently swaddling the infant with a soft blanket or bedding the infant tucked in a soft, comfortable, individually sized, well-fitting bunting; supportively holding into a tucked position and cradling in the caregiver's hands a vulnerable infant whose breathing easily became labored and/or whose color fluctuated quickly or an infant who paled out, became easily dusky, or began to gag or hiccough during taxing manipulations; supporting restful return to sleep by gently bedding the infant curled up on his or her side; supporting the infant by soft, individually adjusted bedding; bathing the infant swaddled in a soft blanket in deep, warm water; weighing the infant gently swaddled; including a second caregiver to support the infant during stressful procedures such as suctioning, chest radiographs, and cranial ultrasounds; increasing darkness and quiet for the infant; and, from early on, supporting the parents in caring for their infant, nursing, and holding their infant in skin-to-skin closeness and/or cradle their infant during stressful and difficult procedures. Staff members were encouraged to offer parents comfortable recliner chairs (available as part of the study) in which to relax and hold and sleep with their infant in restful, skin-to-skin contact for prolonged periods of time. Several accessories specifically designed to support the experimental group infants when in the incubator or crib included natural sheepskins, terry cloth buntings, soft, special-sized, appropriate body and hugging pillows, and soft, special pacifiers. Furthermore, parents were encouraged to personalize their infant's bed area. To provide a soothing atmosphere with muted indirect lighting and the impetus to approach calmly, parents and staff were encouraged to make use of custom-made, attractive "privacy screens" consisting of polished wood frames and soft-colored cloth panels as well as specially designed coordinated soft-colored cloth crib canopies with bows and ribbons. 9 These materials supported the development of soothing bedside islands in the midst of an otherwise large, very active, and often hectic NICU.
Medical/Demographic Background and Medical Outcome
Medical information derived from the infants' NICU and community hospital charts was abstracted in double-blind fashion by the study's pediatrician, who was completely unfamiliar with the identity of the infants and families. The information was coded into a priori-defined variables. Demographic and parent/infant medical history information not accessible from the medical records was obtained by parent interview, also in double-blind fashion, by the study's senior psychologist, who was kept naive to family and infant identity. Because randomization was used, it was hypothesized that control and experimental groups would be comparable in terms of medical and demographic background. On the basis of the earlier study of developmental care for low-risk, appropriate-for-gestational-age preterm infants, 10 it was also hypothesized that there would be no differences between the 2 groups in medical outcome. Although the current study's infants were selected to be, on average, younger at birth than the infants in the earlier study, they nevertheless were selected to have only very early (Ͻ72 hours) transient medical issues and were all born to healthy mothers, had grown well in the womb, and were considered medically at low risk. Given their early gestational age (28 -33 weeks), some of the infants, as would be expected for this population, required several weeks of supplemental oxygen and supportive gavage feedings before being fully weaned to the breast (or, in some cases, a combination of breast and bottle).
Measurement of Developmental Care Experience
Consistency of the developmental care experience for the experimental group infants was measured by percent of weekly developmental care observations completed and by the number of nursing shifts staffed by developmentally skilled nurses. To arrive at this determination, all formal care observations resulting in written reports were tabulated by infant, compared with the infant's number of weeks from birth to 2 weeks' corrected age, and expressed as a percentage. Additionally, nursing staff was assigned a score of 1 or 2, reflecting the degree to which their caregiving conformed to the criteria of the developmental care program guidelines. 27 Two independent raters familiar with the developmental care guidelines and the nursing staff's care practices performed the ratings. Each child's care was subsequently described in terms of percent time of total hospital duration cared for by a developmentally skilled nurse. At the time of recruitment of an experimental group infant into the study, a great effort was made to schedule a developmentally skilled nurse to that infant for each caregiving shift.
Neurobehavioral Outcome Measures at 2 Weeks' and 9 Months' Corrected Age
Two neurobehavioral assessments were used at 2 weeks' corrected age: the Assessment of Preterm Infants' Behavior (APIB) 4, 28 and the Prechtl Neurologic Examination of the Fullterm Newborn Infant (Prechtl) . 29 For all assessments performed at 2 weeks' and 9 months' corrected age, the evaluator was blind to the study group of the infant.
The APIB is a widely used behavioral assessment specifically designed for the documentation of the full spectrum of term as well as preterm newborn infants' neurobehavioral functioning. The assessment presents increasingly demanding environmental inputs in a graded sequence of distal and proximal stimulus presentations. Quantification includes measurement of the level of differentiation and modulation of various behavioral subsystems including the autonomic, motor, state, attention interaction, and self-regulation systems, which are defined as reflections of the infant's pattern of current behavioral organization and integration. The APIB yields 6 main variables (overall system scores) and 24 additional variables. 30 The 6 main variables range in score from 1 to 9. The lowest 3 scores (1-3) denote degrees of well-modulated and well-organized behavioral regulation, reflective of high thresholds of transition from good modulation to disorganization and stress; the highest scores (7-9) denote easily disorganized, poorly modulated behavioral regulation, reflecting low and very low thresholds to disorganization and stress. Well-functioning infants between 10 and 30 days' corrected age are expected to respond in the 1 to 3 range. 6 The 6 main system variables were used for analysis (for details of specific variable construction see refs 7 and 8).
The Prechtl is a well-known neurologic evaluation of the newborn at term. It was reduced to 12 summary variables, 10 which were used for analysis. The variables assess functions such as syndromes of reactivity and thresholds of functioning. Additionally, in a separate analysis, 8 APIB/Prechtl factor scores were examined as outcome measures. They were generated for the current independent population based on the rules established by principal components analysis with Varimax rotation in a large study of 312 preterm and term infants examined with the APIB and Prechtl at 2 weeks' corrected age. 5 The current study's subjects were not included in the analysis of the 312 infants. The 8 APIB/Prechtl factors resulting from the large independent sample had explained 67.62% of the total variance in the large population and showed good electrophysiological group differentiation. 6 It was hypothesized that the experimental group compared with the control group in the current small sample would perform significantly better on the 6 APIB and 12 Prechtl scores and on the 8 factor scores.
At 9 months' corrected age, the infants were assessed in terms of growth (weight, height, and head circumference) and with the Bayley Scales of Infant Development, Second Edition (Bayley II), 31 which yield a mental developmental index (MDI) and psychomotor developmental index (PDI) (both with a mean of 100 and an SD of 15) age-equivalent scores, and 4 factor scores (percentile) derived from the Behavior Rating Scale (BRS; orientation/engagement, emotional regulation and motor quality, and BRS total score). Growth was expected to be comparable between the 2 groups. The Bayley II measures were hypothesized to be significantly better for the experimental group than for the control group.
Two independent examiners, who were naive as to the infants' backgrounds and group status, assessed the infants. All assessments were performed at the Neurobehavioral Studies Laboratory at Children's Hospital Boston in a quiet, private, light-controlled, and comfortable examination room. All assessments were videotaped for later reliability assessment. The examiners maintained periodically assessed interexaminer reliability of Ͼ90% scoring agreement per evaluation. The APIB/Prechtl assessments were scheduled 1 hour before an infant's anticipated next feeding; the Bayley II assessments were typically in the morning between 9:30 am and 11:00 am, at a time the infants' parents judged to be optimal for their infants' best alert and play time. The parent(s) were present throughout all examinations. The APIB and Prechtl as well as the Bayley II variables derived from the assessments were coded by 1 of 2 experienced coders. All coding was double checked for accuracy by an independent research coordinator familiar with the instruments.
Neurophysiologic Outcome Measures
All infants were additionally assessed neuroelectrophysiologically (EEG) on the same day after the neurobehavioral assessment. Sleep EEG cortical spectral coherence data were evaluated for the study. Infants were evaluated during quiet sleep, verified by constant EEG monitoring. In EEG, quiet sleep is recognized as the most stable state and therefore was chosen as the best condition for obtaining an estimate of the brain's resting functional architecture. Spectral analysis, in this case coherence analysis, represents the average of architecture of connectivity over a period of at least 15 minutes, which serves to average random variations second to second and minute to minute. Thus, spectral coherence data accurately reflect the landscape of cortical-cortical connectivity during quiet sleep. Cortical spectral coherence between 2 EEG electrodes is generally taken as a measure of cortical coupling between the brain areas underlying the electrodes. Coherence assesses the neural function responsible for complex cognitive and affective regulatory processes. [33] [34] [35] [36] [37] [38] [39] [40] [41] In the current study, the EEG spectral coherence data at 2 weeks' corrected age of the 30 study infants were represented electrophysiologically by 40 coherence factors, derived from an independent large population. 5 All coherence data available per subject of the large sample of 312 infants with varying medical backgrounds had been entered into a principal components analysis, followed by Varimax rotation. By use of an algorithm based on singular value decomposition, 3040 coherence variables from tracé alternant sleep formed 40 coherence factors, which accounted for 65% of the variance. These factors, which successfully predicted gestational age at birth, degree of medical compromise, and newborn behavioral factors, 6 were used in the current study. A registered EEG technologist and infant-behavior specialist, both with extensive infant experience, gathered the EEG data at the Developmental Neurophysiology Research Laboratory at Children's Hospital Boston. The EEG was monitored continuously during data collection. Data were obtained from 20 scalp electrodes with linked ear reference. After amplification (Neuroscan Synamps, El Paso, TX), data were digitized at 250 Hz and were band pass filtered from 1 to 100 Hz. Subsequent analyses were limited to artifact-free segments of quiet sleep, delineated by a senior electroencephalographer naive to subject identity. Limiting analysis to infant quiet sleep assured freedom from movement and eye-blink artifact. A minimum of 180 seconds of EEG was analyzed to compensate for the minimally residual tracé alternant pattern, a potential instability still noted at 2 weeks' corrected age. Creation of log-corrected coherence data, using the Laplacian reference, 41 and derivation of factor scores were performed as detailed. 5 
Neurostructural Outcome Measures
MRI provides several quantitative methods to search for brain structural changes underlying functional differences. All MRI was performed at Children's Hospital Boston on a 1.5-T General Electric scanner operating at the LX 8.3 hardware/software configuration (GE Medical Systems, Milwaukee, WI). Scanning was performed during a single scanning session after behavioral and EEG data acquisition on the same day.
The 2 MRI methods used were transverse relaxation time (T2*) and diffusion tensor imaging (DTI). The T2* measurements were made by using a spoiled gradient echo sequence acquiring 5 axial 7-mm-thick slices through the middle of the cerebral hemispheres. The repetition time was fixed at 100 milliseconds, and data sets were acquired at echo-time values of 7, 24, 48, 64, and 91 milliseconds. The total scan time for the T2* measurement was ϳ5 minutes. The T2* values were calculated at selected regions of interest (ROI) from monoexponential fits of the signal decay with echo time.
T2* has been demonstrated to decrease as the brain matures, 42 making it a potentially useful index for comparison of brain development between the experimental and control groups. Four ROI were selected a priori for measurement: frontal white matter, considered the locus of attention regulation and executive function; thalamus, an early maturing structure; and the medial and lateral occipital lobes, given the challenge of premature visual processing in early born infants and the subsequent spatial visualization and visual-motor difficulties, respectively, in preterm children at later ages. 43, 44 For the T2* analysis, all ROI were circular, 5 mm in diameter, and placed manually in 4 locations according to anatomic landmarks as agreed on by the same 2 experienced neuroimaging investigators, who placed all regions. It was hypothesized that frontal white matter as well as the medial and lateral occipital lobes might show differences in favor of the experimental group.
The second methodology chosen was DTI, which was performed with a line scan diffusion imaging sequence 45 1 (0,Ϫ1,1) . Five to eight 6-mm-thick axial slices were typically sampled with total DTI scan times between 6 and 8 minutes. Acquired images could be manipulated to obtain all the elements of the diffusion tensor and related quantities on a pixel-by-pixel basis.
DTI yielded 3 orthogonal eigenvectors and their corresponding eigenvalues: the principal eigenvalue (E1) represents the maximum diffusion along the fiber tract axis as indicated by the prin- where D is the trace of the diffusion tensor and I is the identity matrix. Both E1/E3 and RA were determined at 4 ROI chosen a priori: frontal white matter, the left and right internal capsules, and corpus callosum. The ROI for each location was hand drawn by using neuroanatomical markers as seen on the apparent diffusion coefficient maps and the diffusion-weighted images. All ROI for DTI analysis were determined by the same 2 experienced neuroimaging investigators working together, who took great care to ensure that all ROI for a particular location were of comparable size and shape.
All infants were scanned unsedated, asleep, and positioned comfortably in a specially designed vacuum pillow used to stabilize head position. All infants wore effective ear protection to muffle the magnet's sounds. Cardiac function and blood oximetry levels were monitored (MR Equipment Corp, Bay Shore, NJ) throughout the study. Resuscitation equipment and personnel were available at all times. No untoward events were encountered at any time in the course of the study. All infants were accompanied by 1 of their parents and a skilled behavioral professional. The project's pediatric neuroradiologist reviewed each scan and provided the institution-required clinical report.
Data Analysis
All statistical analyses were performed by using BMDP software. 47 Medical and demographic background and medical/ growth outcome continuous variables were submitted to respective multivariate analysis of variance (MANOVA), with subsequent univariate analysis of variance using Holm's 48 method of correction for multiple comparisons. To account for unequal variances, the Browne Forsythe test of variance (F*) was uniformly used. Categorical variables were submitted to 2 test with Yates' correction. 47, 49 For all analyses, an a priori probability level of P Յ .05 (2-tailed) was selected. The sample size chosen assures detection at a .05 probability level, with medium to large effects accounting for between 23% and 69% of the variance. 50 Because no significant group effects favoring the experimental group were identified in the medical and demographic background or in the medical/growth outcome measures, the behavioral, electrophysiological, and neurostructural outcome measures were submitted to analysis as outlined. Given the sample size of 30 infants compared with the set of 40 EEG coherence factors, 5 discriminant function analysis was restricted to use of the first 20 coherence factors for hypothesis testing. In a separate analysis, the second 20 coherence factors were explored. Wilks' 51 was calculated, and jack-knifed 52, 53 classification was performed to ascertain 2-group classification success. Canonical correlation analysis was used to explore the relationship among the behavioral, electrophysiological, and neurostructural domains. Three canonical correlations 54 were performed for each of 2 sets of variables, namely the behavioral factors with the coherence factors, as well as each of these with the (E1/E3) DTI measures.
RESULTS
Age at assessment was comparable for both groups at 2 weeks' corrected age as well as at 9 months' corrected age ( All 30 subjects had complete medical and demographic background review along with neurobehavioral assessment at 2 weeks' corrected age. The groups were comparable on the medical and demographic background, including pregnancy and delivery indices, as shown in Table 1 .
Apgar score at 5 minutes favored the control group (8.5 [0.5] vs 7.9 [0.8]; P ϭ .02). Because the direction of the difference made the results more conservative, covarying on later analyses was not performed. All head ultrasounds and baseline MRI and EEG studies, specially performed to assure infant's brain intactness before onset of experimental intervention, were read as normal by the 2 independent radiologists and the senior electroencephalographer, respectively, who were all naive as to the infants' group status. As was hypothesized, because both groups were of relatively low medical risk, none of the medical or growth outcome measures showed significant group differences. The control and experimental group infants were discharged from the hospital after 32 (17) and 40 (19) days, respectively, at a mean age after mother's last menstrual period of 36.4 (1.6) and. 36.9 (1.8) weeks, respectively (ie, well before the expected due date). At 2 weeks' and 9 months' corrected age, there was no significant weight (g), height (cm), or head circumference (cm) difference between the 2 groups, nor was there any other difference, as Table  2 shows. Review after hospital discharge of all head ultrasounds revealed a questionable grade 1 intraventricular hemorrhage for 1 of the experimental group infants. However, both groups were considered clinically neurologically normal and healthy at the 2 weeks' and 9 months' corrected age outcome points.
Developmental Care Experience
The developmentalists' weekly observations and reports, as well as their feedback and support to the parents and the caregiving staff, were conducted with 100% consistency. Additionally, the experimental group infants were cared for by nurses rated as developmentally skilled for more hours/shifts in the course of their hospitalization than the control group infants (control: mean ϭ 38% [9.9] ; experimental: mean ϭ 53% [12.8] ; F ϭ 11.06; df ϭ 1,18; P ϭ .004).
Behavioral Outcome
Experimental group infants showed significant improvement in neurobehavioral outcome (APIB and Prechtl) 4, 29 in terms of the 6 APIB system scores, as well as the 12 Prechtl variables, as the 2 significant MANOVA indicate. Two APIB variables (motor system modulation and self-regulation) and 6 Prechtl scores were individually significant between the 2 groups, as Table 3 shows.
The 8 APIB/Prechtl factor scores also showed overall significant differences by MANOVA (F ϭ 4.88; df ϭ 8,21; P ϭ .0017). Factors 2 and 3 differed significantly individually. Factor 2 represents a broad motor organization factor and is almost exclusively contributed to by APIB variables (P Ͻ .0004). Factor 3, an intensity of reaction and hypersensitivity factor, is exclusively contributed to by Prechtl variables (P Ͻ .00001).
At 9 months' corrected age, 6 infants (1 control and 5 experimental) did not return for assessment because of family scheduling conflicts. The returning experimental group children continued to show significantly better performance than the control group children. MDI and PDI as well as the BRS scores (emotional regulation, motor quality, and total score) differed significantly in favor of the experimental group infants, as analyzed by MANOVA. (The Bayley II scores, aside from the mean MDI and PDI Summary analysis at 2 week's corrected age (MANOVA): F ϭ 0.45; df ϭ 13,10; P ϭ .91 (using Holm's correction); summary analysis at 9 months' corrected age (MANOVA): F ϭ 0.46; df ϭ 3,20; P ϭ .72 (using Holm's correction). Data shown are means (SD). * Severity of pneumothorax, intraventricular hemorrhage, and bronchopulmonary dysplasia were derived from chest radiographs and head ultrasounds by double-blind review by an independent pediatric radiologist not involved in the care of the subjects.
scores, are also represented in terms of MDI and PDI score frequency distribution above and below the Bayley II mean score of 100, as well as in the form of standardized percentile scores and age equivalents, to aid in interpretation of the MDI and PDI group differences. These additional score representations did not enter the MANOVA [see Table 4 ].) The results indicated significant neurofunctional improvement in terms of behavioral intactness and modulation of functioning. This is in keeping with previously identified results for medically low-risk preterm infants 10 and is documented here for infants who were gestationally younger at birth. Furthermore, the findings are extended beyond the 2 weeks' corrected age point to 9 months' corrected age.
Neurophysiological Outcome
All 30 subjects had complete EEG spectral coherence study data at 2 weeks' corrected age. Discriminant function analysis using the first 20 coherence factors identified 4 coherence factors as significantly differentiating the control from the experimental group infants (Wilks' ϭ 0.45; F ϭ 7.69; df ϭ 4,25; P ϭ .0001). Jack-knifed classification success using these 4 variables showed 83% correct subject classification. 52, 53 Misclassified were only 2 control and 3 experimental group subjects. The 4 successfully discriminating variables included coherence factors 7, 10, 11, and 19 (depicted in Fig 2) .
The intervention group demonstrated increased coherence in the fast ␣ and the ␤ frequency bands between left frontal regions and occipital and parietal regions (factors 7, 10, and 19), whereas midline central to occipital coherence was reduced (factor 11) in the experimental group. The NICU experimental experience, as hypothesized, indicated changes in functional connectivity between brain regions, with preferentially broad enhancement of frontal to occipital coherence, and some pruning of central to occipital coherence. The enhancement of coherence between left frontal to parietal regions was unexpected.
Neurostructural Outcome T2* data were acquired and analyzed for the first 10 study infants only (first 5 control and first 5 experimental) in preliminary exploration of the use of this measure as a potentially effective index of degree of brain organization. Heretofore T2* had only been explored as an indicator of age-dependent brain maturation. The MANOVA of the 4 variables measured (frontal white matter, median occipital lobe, lateral occipital lobe, and thalamus) was not significant (F ϭ 1.96; df ϭ 4,5; P ϭ .24). Although the overall MANOVA was not significant, exploratory comparison of the 4 individual variables, with Holm's correction for multiple comparisons, revealed an overall trend in favor of the study's hypothesis. T2* values were reduced in frontal white matter (P ϭ .08), median occipital lobe (P ϭ .05), and lateral occipital lobe (P ϭ .07) for the experimental group infants. This trend, as had been predicted, was not observed for the thalamus measurement (P ϭ .80). The small subject number may account for the failure of the MANOVA to reach significance.
For 23 subjects (8 control and 15 experimental), artifact-free, complete DTI data sets were available. Table 5 shows the group comparisons for RA and for the ratio of E1/E3 for the respective delineated ROI.
Results by MANOVA indicate significant overall improvement in RA, with specific trends in the regions as predicted (frontal white matter, right internal capsule, and left internal capsule). Evidence was stronger when testing E1/E3 than when testing RA. MANOVA for E1/E3 was significant. The individually significant regional difference observed pertained to E1/E3 for the left internal capsule. These MRI results obtained provide the first evidence of significant difference in brain structure resulting from developmental intervention, which means from sensory experience of the very immature brain. As a demonstration example, Fig 3 shows the comparison of a control and an experimental group infant at 2 weeks' corrected age.
Canonical correlations between the 8 behavioral APIB/Prechtl factors and the 20 spectral coherence factors were highly significant ( 2 ϭ 238.76; df ϭ 160; P Յ .0001), with 1 pair of canonical variates consid- Colored regions indicate location, magnitude, and sign (red: positive; blue: negative) of maximally loading coherences on the factor. Arrows also illustrate coherence variables; however, the arrow color compensates for signs of factor loadings on subsequent, statistically derived canonical variates, thus illustrating how original coherence variables differ between experimental (red: increased; green: decreased) and control infants. ered significant. Examination of loadings on these canonical variates suggested that greater behavioral function symmetry, better motor organization, and better expression of attention (behavioral factors 5, 2, and 7, respectively) were associated with increased frontal-occipital 12-Hz coherence, signifying increased connectivity, and reduced midline occipitalparietal 10-Hz coherence, signifying reduced connectivity (coherence factors 17 and factor 9, respectively) (Fig 2 5 ) . The canonical correlation between the 8 behavior factors and 4 DTI measures also was significant ( 2 ϭ 52.19; df ϭ 32; P Յ .0135), with 1 pair of canonical variates considered significant. The overall pattern suggested that better, ie, less behavioral, hypersensitivity and lower intensity of reactivity (behavioral factor 3) were associated with a higher ratio of E1/E3 (ie, they were associated with more mature development in the left internal capsule and in frontal white matter). The canonical correlation between the 20 spectral coherence factors and the 4 MRI measures was very highly significant ( 2 ϭ 726.81; df ϭ 80; P Յ .00001), with 2 pairs of canonical variates considered significant. The first pair of canonical variates demonstrated that increased left frontal to left posterior quadrant 18-Hz coherence (factor 14) (Fig 2 5 ) correlated with a greater left internal capsule and frontal white matter E1/E3 ratio, indicating greater maturity in these regions. The second association demonstrated that increased left posterior temporal to right occipital 26-Hz coherence (factor 18) (Fig 2 5 ) correlated with a higher right internal capsule E1/E3 ratio, again indicating greater maturity. These results demonstrated a strong relationship among the 3 data domains for this sample of low-risk preterm infants, which speaks to the sensitivity and meaningfulness of the measures chosen.
DISCUSSION
The current study is the first investigation to test the effect of developmental intervention in the NICU on neurobehavior, electrophysiology, and brain structure. The study's results consistently favor the experimental group infants who received developmental care at an apparently sensitive period in brain development. It may be concluded from these results that experience before term may alter not only brain function but also brain structure. The differences observed in brain structure appear to be consistent with the brain functional differences. The study supports the hypothesis that a developmentally based, individualized approach to care in the NICU is effective in supporting neurodevelopmental outcome of medically healthy, low-risk preterm infants by 2 weeks' corrected age. It also supports the hypothesis that such improvements have lasting effects to 9 months' corrected age, as judged by behavioral performance. Furthermore, the results validate previous research on the benefits of developmental care 10, 60 and broaden the generalizability of the effectiveness of developmental care in the NIDCAP model in terms of expanding the gestational age range beyond prior studies as well as the medical characteristics of the population studied. 24 The preterm infants who received developmental care were better adjusted at 2 weeks' corrected age. The differences involved motor system functions and self-regulation as well as a number of neurobehavioral aspects involving state stability, intensity, and threshold of responsiveness. EEG coherence measures indicated an orderly and conceptually consistent pattern of neurophysiologic differences, in keeping with the behavioral findings. The differences involved mainly the left frontal region and, to some extent, the occipital and parietal regions. The electrophysiological differences demonstrated significant correlations with the behavioral indices of improved motor system organization, symmetry, and expression of attention. The brain structural differences discovered also involved the left frontal region and the suggestion of occipital region involvement. Correlation of the brain structural measures (MRI) with the brain functional measures (behavior and spectral coherence) showed that improved behavioral regulation (less intensity and hypersensitivity) were associated with more mature frontal brain structural development. This may not be surprising, given that neuronal organization, especially in the frontal region, occurs late in the developmental sequence, [61] [62] [63] [64] and previous studies of prematurity have indicated the frontal lobes' differential vulnerability. 6 The continuity of improvement to 9 months' corrected age in terms of Bayley II scale mental, motor, and behavioral performance may justify cautious optimism for the continuity of enhanced long-term development for similar preterm infants, who may receive developmental care in the future. 65 The availability of MRI makes feasible the examination of structural brain changes underlying the functional improvements obtained.
The results of the study are consistent with the theoretical basis of the intervention tested and the study's hypotheses. The developmental care model tested views the infant as an active participant who seeks ongoing caregiver support for self-regulation during the initial stabilization phase and in the course of continuing developmental progression. Individualized developmental care provided by the preterm infants' parents in collaboration with their nursery care teams, and supported by a developmental specialist, may provide an extrauterine environment that supports cortical development by providing more stable autoregulation to the immature autonomic system in a challenging sensory environment by focus and consistent assurance of calm behavioral function in the course of all medical and daily care procedures. 66 -68 Chemical sedation to achieve stabilization of immature autoregulation 69 may be substituted successfully at least in part by individualized modification and adaptation of care delivery in recognition of the infants' behaviorally expressed stress thresholds. The differential enhancement of frontal regions identified in the current study seems to corroborate further the earlier findings of greater frontal vulnerability to unexpected environmental experience and stimulation. For preterm infants, even when medically at low risk, early birth nevertheless may trigger the onset of sensitive brain developmental periods. When the infants receive care that is structured individually based on their own thresholds to maintain behavioral and therewith autonomic and motor system equilibrium as tested in this study, they seem to show improved outcome as compared with their peers who experience more standard care. Although the specific mechanisms are unclear at this point, it has been postulated that processes may involve resetting of the N-methyl-d-aspartate axis and consequent inappropriate cell death (apoptosis) with subsequent increased neurocitotoxic damage, lowered sensory and pain thresholds, and increased hyperreactivity and hypersensitivity. 14 Other potential mechanisms, inferred from results of differential mothering and sensory experience experiments 70 in animal models, suggest that variations in maternal care promote hippocampal synaptogenesis and spatial learning and memory through systems known to mediate experience-dependent neural development. Well-mothered rat pups showed increased expression of N-methyl-d-aspartate receptor subunit and brain-derived neurotrophic factor messenger RNA as well as increased cholinergic innervation of the hippocampus and enhanced spatial learning and memory. Similarly, a study in the primate model maintained neocortical, experience-dependent synaptogenesis in a number of cortical areas. 71 Aside from the lack of definitive knowledge as to the underlying mechanisms of the improvement in outcomes of the experimental group, additional limitations of the study include the relatively small total number of subjects, resulting from the extensive nature of the outcome assessments, and the substantial time commitment requested from the parents who participated in the study. The additional reduction of subjects in terms of some of the methodologies, given their technical complexity in acquisition of reliable and complete data, presents an added limitation to the study. Although medical, behavioral, and neurophysiological data sets were complete for all subjects, the MRI assessments were available on fewer subjects. For the T2* measures, the number of subjects was purposefully limited to the first 10 subjects to evaluate the merit of an untried methodology for the purpose of the question asked. The sample size for DTI data was reduced because of the insufficient quality of the raw MRI data acquired, which precluded reliable data analysis. Nevertheless, even with the smaller sample size, significant differences were found between the control and experimental groups. A larger sample of infants would be expected to yield even more significant results. An additional limitation of the MRI data are the investigator-dependent, operator-driven delineation of ROI chosen for analysis, which potentially might enter a degree of subjectivity into the data analysis. Automated, empirically validated, computer-driven region delineation would be more desirable, yet such technology is not available as yet for newborn structural brain image analysis.
An additional limitation of the study is the shortterm nature of the outcome points of 2 weeks' and 9 months' corrected age. It will be important to investigate whether the improvements found at these ages (behavioral, brain structural, and electrophysiological) will hold up over a more extended period of time. The important questions to be asked would be: How will these same children function at 2 years, 5 years, and when entering elementary school, at 18 years, and when entering college? What will their brain structural development look like? And, in what relationship, if any, will it stand to the early childhood data reported here. A replication study with a larger sample size and with follow-up to later ages indeed seems warranted to validate and extend the generalizability of these first brain structural findings resulting from change in earliest experience.
